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INTRODUCTION 


In  this  report  we  develop  a  systematic  procedure  for  the 
design  of  seismic  arrays.  Existing  arrays  have  been  designed 
by  a  variety  of  methods.  Among  t]v~  first  arrays  were  those 
built  to  specifications  recommended  by  the  Geneva  Conference 
of  Experts  in  1958.  The  dominant  noise  on  short-period  surface 
vertical  instruments  in  most  systems  existing  then  was  caused 
by  the  wind,  and  studies  showed  that  wind-generated  noise  was 
uncorrelated  at  a  spacing  of  approximately  0,6  km.  It  was 
desired  to  cancel  the  noise  by  direct  summation  of  the  traces, 
therefore  the  instruments  could  not  be  spaced  so  widely  that  there 
was  appreciable  moveout  of  the  compres axonal  wave  signal.  A 
velocity  of  12  km/sec  witJi  moveout  less  than  one-quarter  cycle 
at  1  Hz  would  imply  an  array  3  km  in  diameter.  Thus,  the  Geneva 
arrays,  e.g.,  WHO,  BMO,  UBO,  and  CPO  shown  in  Figure  la,  have  a 
diameter  of  3  km  or  less  and  a  m/nimum  spacing  on  the  order  of 
0.5  km.  The  spacing  was  somewhat  greater  than  0.5  km  because  when 
there  was  little  wind  the  seismic  noise,  which  remains  correlated 
to  greater  distances,  becomes  an  appreciable  fraction  of  the 
total  noise  background. 

The  design  of  LASA  is  discussed  by  R.  Price  and  P.E.  Green 
(1964],  by  P.E.  Green  (1965)  and  by  R. A.  Frosh  and  P.E.  Green 
(1966).  Figure  lb  shows  the  original  design.  The  subarray  design 
was  constrained  by  the  desire  to  reject  coherent  surface  waves  with 
velocities  between  2.5  and  4.0  km/sec  and  frequencies  between 
0.2  and  5,0  Hz.  To  avoid  spatial  aliasing,  a  minimum  spacing  of 
0. 5  km  was  required.  To  make  the  subarray  beam  narrow  enough  that  a 
teleseismic  beam  could  reject  Rayleigh  waves  at  0,2  Hz,  it  was 
necessary  to  have  a  diameter  of  7  km.  Assuming  a  geometrical  layout 
of  six  radial  arms  of  seismometers,  approximately  25  instruments  per 
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subarray  were  needed.  As  slightly  more  than  500  seismometers  were 
readily  available,  it  was  possible  to  have  21  subarrays.  It  had 
been  found  earlier  that  wind  noise  could  be  eliminated  by  burying 
the  seismometers  200  feet,,  this  was  done  at  LASA,  The  maximum 
array  diameter  of  200  km  was  selected  in  order  to  give  a  reason¬ 
able  teleseismic  location  capability.  It  was  tentatively  assumed 
that  loss  of  signal  amplitude  due  to  spatial  decorrelation  could 
be  neglected.  The  subarrays  were  placed  on  a  logarithmic  spiral 
so  the  beam  width  would  be  approximately  constant  with 
frequency.  The  constant  for  the  spiral  was  chosen  so  there 
would  be  an  approximately  uniform  density  of  subarrays  at  the 
center.  Green  (1965)  recognized  that  if  the  logarithmic  design 
were  adopted  and  if  the  signal  correlation  were  low.,  a  reduced 
diameter  array  would  still  contain  a  large  number  of  seismo¬ 
meters,  With  our  present  knowledge  this  appears  to  have  been  a 
valuable  insight. 

It  is  difficult  to  fond  an  authoritative  discussion  of  the 
design  of  the  present  37-element  TFO  array  depicted  in  Figure  lc. 
Some  information  is  given  in  the  Final  Report  of  the  Operation 
of  TFO  (1967)  which  cites  as  the  design  manuscript  Project 
Recommendation  P-688  (1966), 

In  the  Project  Recommendation,  it  was  stated  that  two 
objectives  of  the  array  design  were  to  increase  the  signal-to- 
noise  ratio  in  the  frequency  range  0.5  to  2.0  Hz,  and,  a  somewhat 
overlapping  requirement,  to  make  the  main  lobe  of  the  array 
narrow  enough  that  velocity  filtering  alone  could  reject  a  sub¬ 
stantial  portion  of  travelling  wave  noise. 

Studies  by  Texas  Instruments  (1965a,  b)  were  cited  to  the 
effect  that  in  the  0,5  to  2.0  Hz  band  there  was  little  low- 
velocity  coherent  energy  at  TFO.  We  may  note  that  this  obviates 
the  requirement,  imposed  in  the  LASA  design,  for  close  spacing 
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of  seismometers.  Also  in  the  Project  Recommendation  were  dupli¬ 
cated  figures  from  Texas  Instruments  (1965a)  showing  all  possible 
cross  correlations  of  twenty  minutes  of  data  from  two  lines  of 
instruments  at  the  old  TFC  crossed  array.  One  set  of  cross 
correlations  was  for  data  band-pass  filtered  0.77  to  1.15  Hz, 
and  from  these  plots  we  have  made  an  interpretation  that  the 
correlation  has  mean  zero  at  a  spacing  of  5  km.  These  data  would 
therefore  have  been  sufficient  to  justify  the  5  km  spacing 
suggested  in  P-688. 

Subsequent  reasoning  in  the  array  design  might  have  been 
as  follows.  The  absence  of  low-velocity  noise  would  make 
it  unnecessary  to  have  a  narrow  main  lobe  on  the  array,  because 
there  would  be  less  coherent  noise  to  exclude.  However,  assuming 
the  existence  of  a  significant  amount  of  coherent  P-wave  noise, 
one  would  nonetheless  add  seismometers  to  narrow  the  main  lobe. 
One  would  also  add  more  seismometers  to  increase  signal-to-noise 
by  averaging  out  the  incoherent  noise.  The  array  should  be  regular 
to  avoid  large  side-lobes,  and  the  ultimate  size  presumably  would 
be  constrained  by  economics,.  With  a  30  km  diameter  array;,  the 
teleseismic  area  could  be  covered  at  the  3  dB  level  with  30  beams 
at  1,0  Hz.,  implying  roughly  an  attainable  factor  of  /3TJ  ~  15  dB 
improvement  of  signal-to-noise  due  to  velocity  filtering  of 
isotropic  P  waves. 

This  implication  was  checked  theoretically  in  P-688  by  a 

calculation  which  assumed  isotropic  P  wave  noise  with  constant 

power  above  8  km/sec  and  zero  noise  power  for  the  lower  velocities 

The  resulting  cross- spectral  matrix  for  the  37-element  array  was 

calculated,  and  by  making  use  of  a  formula  similar  to  (1),  below, 

a  gain  of  approximately  16  dB  was  predicted  at  1.2  Hz  for  a 

10  km/sec  beam.  This  is  insignificantly  different  from  the  15.7  dB 
1/2 

predicted  by  N  arguments,  ,,,  and  in  P-688  for  all  frequencies 
higher  than  1,4  Hz... 
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Thus  in  summary  it  appears  that  the  TFO  array  was  designed 

on  the  basis  of  correlation  measurements  which  showed  that  5-km 

1/2 

spacing  would  give  N  improvement  in  signal-to-noise  ratio.  In 
the  design  phase  it  was  checked  that  good  performance  would  be 
obtained  for  a  particular  isotropic  P  wave  model. 

A  basic  requirement  in  array  design  is  to  be  able  to  predict 
signal-to-noise  gain  from  any  hypothetical  array.  Here  we  extend  in 
a  systematic  way  the  "zero  correlation  distance"  technique  used  in 
the  design  of  the  Geneva  and  TFO  arrays.  In  these  studies  the 
results  are  based  directly  on  field  measurements  and  are  indepen¬ 
dent  of  whatever  physical  process  may  underlie  them.  This  is 
in  contrast  to  the  LASA  array  design  in  whicn  limited  measurements 
were  used  to  deduce  a  physical  model  which  was  then  used  as  the 
basis  for  array  design. 

The  underlying  assumption  of  our  design  procedure  is  that 
the  principal  data  processing  will  be  simple  beamforming;  if 
multichannel  filtering  is  to  be  used,  a  different  array  design 
might  be  better. 

The  ability  of  multichannel  filtering  to  perform  more  than 
1  or  2  dB  better  on  ambient  noise  than  simple  beamforming  is 
still  a  subject  of  controversy.  It  has  been  generally  agreed  for 
some  years,  e.g.,  Flinn  et  al  (1966),  Capon  et  al  (1968),  that 
1  or  2  dB  is  tin  maximum  gain  over  LASA  beamforming  in  the 
principal  signal  band  around  1  Hz,  and  thus  represents  the  gain 
available  for  detection  purposes.  However,  from  0.2  to  0.8  Hz, 

Capon  et  al  shows  that  for  a  LASA  subarray  multichannel  filtering 
reduces  noise  approximately  10  dB  more  than  does  simple  beam¬ 
forming.  Such  an  improvement  would  be  of  value  for  purposes  of 
discrimination.  To  the  authors'  knowledge  it  has  not,  however, 
been  definitely  shown  that  tho  MCF  passes  a  signal  sufficiently 
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undistorted  such  that  this  noise  reduction  yields  an  equal  improve- 
ment  in  signal -to-noise  ratio. 

Haubrich  (1968)  has  studied  array  design  under  the  assump¬ 
tion  that  it  is  desired  to  narrow  the  main  lobe  and  reduce  the 
side  lobes  of  a  simple  beam.  If  the  noise  is  propagating,  then 
this  will  improve  the  signal  to  noise  ratio.  If  it  is  not  pro¬ 
pagating,  then  small  weights  applied  to  some  elements  will,  in 
effect,  reduce  their  contribution  to  cancellation  of  the  incoherent 
noise . 


Noise  correlation  calculations 

A  well-known  formula  e.g.,  Hartenberger  and  Shumway  (1967), 
for  the  noise  reduction  obtainable  by  simple  beamforming  of  an 
array  is 


dB  =  -  10  log10 


N _ 

1  +  (N- 1 )  pr 


(1) 


where  N  is  the  number  of  seismometers  and  p.^  is  the  average 
zero-lag  noise  cross  correlation  between  elements  of  the  array 
after  the  data  have  been  time-shifted  and  filtered  as  appropriate 
for  the  beam  and  frequency  band  under  consideration.  This  formula 
is  valid  for  noise  that  has  low  or  high  velocity,  that  is  propa¬ 
gating  or  non-propagating,  isotropic  or  anisotropic. 


The  no'se  correlations  must,  of  course,  be  stationary  in 
time,  since  otherwise  they  have  no  predictive  value.  It  is 
usually  assumed  in  array  design  that  the  correlations  are  space 
stationary:  that  is,  two  seismometers  separated  by  the  same 
distance  and  with  the  same  relative  azimuth  will  have  the  same 
average  cross  correlation.  However,  even  this  assumption  can  be 
relaxed  if  one  is  willing  to  undertake  a  more  extensive  field 
measurement  program. 
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We  note  also  that  the  signal  reduction  is  given  by  an 
identical  formula  except  that  the  correlation  is  the  average 
signal  cross  correlation.  Thus,  taking  the  difference,  the 
signal-to-noise  ratio  gain  for  an  array  over  an  individual 
channel  is  given  by 

1  +  (N-D  K 

dB  =  10  log1fl  - £  (2) 

iU  i  -  (N-i)  @ 

n 

It  is  important  to  have  correlation  measurements  of  both  the 
signal  and  noise  if  one  is  to  be  able  to  predict  the  performance 
of  an  array.  Most  authors,  e.g.,  Dean  (1965),  and  Capon  et  al  (1968) 
have  calculated  coherence  instead  of  correlation.  (Because  coher¬ 
ence  is  not  an  estimate  of  correlation,  it  is  difficult  to  make 
use  of  these  calculations.  For  the  spectral  representation  of 
correlation  one  replaces  the  cross-spectrum  amplitude  in  the 
numerator  of  the  coherence  estimate  by  the  co-spectrum.  For  most 
of  the  purposes  of  this  paper,  the  seismometer  spacing  available 
to  Dean  was  too  large.  As  mentioned  in  the  Introduction,  Texas 
Instruments  (1965b)  calculated  tne  cross  correlation  functions 
for  20  minutes  of  noise  data  at  TFO.  The  results  were  presented 
only  as  plots.  Their  variance  is  unsatisfactorily  large,  and  it 
is  difficult  to  be  certain  of  the  accuracy  of  the  plotted  scales., 
However,  as  we  will  see  below,  their  results  are  fairly  consistent 
with  ours,  which  were  calculated  from  LASA  data. 

The  correlation  as  a  function  of  distance  in  the  band  pass 
of  interest  is  the  basic  function  needed  for  our  study.  We 
assume  here  that  the  noise  is  isotropic  as  well  as  space 
stationary,  so  we  will  average  correlations  between  seismometers 
separated  by  equal  distances  but  with  different  relative  azimuths. 
Our  data  base  is  150  seconds  of  data  from  LASA  subarrays  B1 ,  3,  4; 

C 4 ;  D2;  El,  2,  3,  4;  and  FI,  2,  3,  4,  beginning  at  04:03:  20.0 
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on  10  November  1965.  Unfortunately,  data  from  other  time  periods 

available  at  SDL  did  not  have  data  from  seismometers  spaced  at 
0,  5  km. 


The  cross  correlations  were  calculated  using  program  CORLALL 
which  prefilters  and  time-shifts  the  data  as  desired  and  then 
calculates  the  zero-lag  correlation  coefficient.  We  first  calcu¬ 
lated  correlations  using  identical  noisu  data  for  an  infinite 
velocity  beam  and  for  northern  and  eastern  12  km/sec  beams,  and 
plotted  them  as  a  function  of  one  another. 


In  Figure  2,  we  see  that  a  slope  of  1.0  is  a  good  fit  to 
the  data,  and  that  there  is  no  substantial  bias  for  northern 
or  eastern  beams,  or  for  spacings  near  1.0  km  or  greater  than 
1.5  km.  Therefore,  for  the  remainder  of  this  study  we  shall 
calculate  noise  correlations  only  for  infinite-velocity  beams. 

Figure  3  is  a  plot  of  a  typical  LASA  subarray  together  with 
the  correlation  as  a  function  of  distance  for  the  frequency  range 
0. 8-2.0  Hz.  This  curve  was  calculated  using  data  from  all  subarrays 
in  the  data  base.  The  number  of  150-second  estimates  in  each 
average  is  noted.  We  see  that  our  estimate  of  the  true  correlation 
function,  drawn  by  hand,  passes  substantially  outside  many  of  the 
951  confidence  error  bars.  One  possible  cause  for  this  could  be 
nonisotropic  noise.  Figure  4  shows  f • k  plots  at  1.0  Hz  from  the 
D2  an<*  E4  subarrays.  We  see  that  the  structure  of  the  noise 
changes  whether  it  is  considered  as  a  function  of  time  or  a 
function  of  the  subarray.  Thus  if  our  averages  were  extended 
over  a  long  enough  time,  we  might  expect  convergence  to  a  correct  , 
isotropic  correlation  function.  It  is  possible  that  temporary 
anisotropy,  different  in  each  subarray,  is  enough  to  invalidate 
our  estimates  of  the  variance. 


Much  the  same  data  as  used  for  Figure  3  was  band-pass 
filtered  to  the  range  0.4  to  3.0  Hz  and  used  to  produce  Figure  5. 
This  frequency  range  might  be  called  the  discrimination  bandpass, 
in  contrast  to  the  0.8  to  2.0  Hz  bandpass  which  is  more  suitable 
for  detection. 


-8- 


ANALYSIS  OF  EXISTING  ARRAYS 


LASA 

A  program  was  written  to  accept  the  locations  of  all  seis¬ 
mometers  in  an  array,  calculate  the  distances  between  all  possible 
pairs,  enter  a  table  determined  either  by  Figure  3  or  S,  and 
calculate  the  average  correlation.  Then  (1)  is  used  to  determine 
the  noise  reduction  in  dB. 

In  Figure  6,  the  upper  and  lower  curves  give  the  predicted 
noise  reduction  for  arrays  determined  by  including  increasing 
numbers  of  seismometers  in  the  LASA  subarray  depicted  in  Figure  3. 
The  seismometers  are  introduced  in  the  order  in  which  they  are 
numbered  in  Figure  3.  This  is  done  in  such  a  way  as  to  decrease 
the  minimum  spacing  as  slowly  as  possible.  The  minimum  spacing 
for  each  partial  array  is  also  plotted  in  Figure  6.  A  delay-and- 
sum  calculation  on  noise  from  subarray  B1  was  performed  by  Capon 
et  al  (1968), using  a  0.6-2. 0  Hz  bandpass.  They  calculated  the 
noise  reduction  as  first  the  inner  7,  then  the  inner  fr,  then  the 
inner  5,  rings  of  three  seismometers  were  excluded  from  the  array. 
The  resulting  sequence  of  partial  arrays  is  similar  to  that 
discussed  above,  and  so  their  curve,  reproduced  in  Figure  6,  may 
be  compared  to  ours.  Hartenberger  and  Van  Nostrand  (1970)  have 
also  reported  calculations  for  partial  arrays  identical  to  some 
of  ours.  They  averaged  over  all  LASA  subarrays,  and  over  eight 
time  periods  and  they  used  the  frequency  range  0.4  to  3.0  Hz.  The 
results  of  their  calculations  are  also  plotted  in  Figure  6, 
together  with  their  plot  for  the  bandpass  0. 7-2.0  Hz  averaged 
over  all  subarrays  for  only  one  time  period.  To  plot  their 
results,  we  assumed  that  the  points  could  be  plotted  at  the 
same  number  of  dB  below  N1/2  as  in  their  figures. 

We  see  that  the  theoretical  calculations  are  in  as  good 
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agreement  with  observation  as  could  be  desired 


Ceneva  arrays 

In  Figure  la  we  saw  the  positions  of  the  seismometers  of 
the  BMO,  CFO,  UBO,  and  WMO  arrays.  We  remember  that  these  arrays 
were  designed  to  eliminate  wind  noise.  Here  we  calculate  the 
array  gain  if  each  of  the  seismometers  were  buried  200  feet  to 
eliminate  the  wind  noise,  assuming  the  noise  correlation 
structure  to  be  the  same  as  at  LASA.  By  using  the  same  procedures 
as  for  LASA  we  find  (Table  I)  that  because  of  their  close 
spacing  the  arrays  would  have  a  gain  equivalent  to  only  2  or  3 
seismometers . 


TABLE  I 

Array  Noise  Reduction  in  dB  for  two  Bandpasses 


Array 

Number  of  Seismometers 

0.4  -  3.0  Hz 

0.8  -  2 

.0 

BMO 

10 

2.33  dB 

4.01 

dB 

CFO 

19 

2.37  dB 

4.13 

dB 

UBO 

10 

2.17  dB 

3.42 

dB 

WMO 

13 

2.51  dB 

4.87 

dB 

TFO,  37-elcmcnts 

Finally,  we  analyze  the  TFO  array  and  project  some  of  the 
possible  improvements  in  its  capability  if  it  were  enlarged,  again 
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under  the  assumption  that  its  correlation  structure  is  similar 
to  that  of  the  LASA.  As  a  partial  indication  that  this  is  the 
case,  in  Figure  3  we  have  superimposed  on  the  LASA  data  our  best 
analysis  of  the  Texas  Instrument  (1965b)  correlation  data  for  the 
frequency  range  0.77  -  1.15  Hz.  Our  vari.nce  estimates  for  the 
TI  data  are  also  indicated  on  the  figure.  There  appears  to  be  a 
possibility  that  tl  e  correlation  falls  off  more  slowly  with 
distance  at  TFO  than  at  LASA.  However,  considering  the  apparent 
unreliability  of  the  variance  estimates,  the  higher  frequency 
limit  on  the  LASA  bandpass,  and  the  fact  that  these  data  are 
from  one  time  period  at  a  single  site  equal  in  area  to  one  LASA 
subarray,  it  seems  difficult  to  reject  the  hypothesis  that  the 
correlation  structures  are  the  same. 

In  Figure  7  the  noise  reduction  is  predicted  for  filled 
hexagonal  arrays  as  a  function  of  the  greatest  array  diameter. 

We  see,  of  course,  that  the  present  37-element  array  is  well 
inside  the  diameter  at  which  one  obtains  an  gain  of  15.7  dB 

for  the  0.8  -  2.0  Hz  frequency  range.  However,  for  the  0.4  -  3.0  Hz 
frequency  range,  the  gain  is  only  11.5  dB.  With  a  diameter  of  49  km, 
packing  in  169  seismometers,  one  could  have  an  additional  gain  of 
6.6  dB  or  0.33  mb  in  the  0.8-2. 0  Hz  frequency  range.  However, 
m  the  0. 4-3.0  Hz  frequency  range  one  would  gain  only  3.8  dB  or 
0.19  mb.  The  geological  environment  of  TFO  is  such  that  one 
might  hope  to  find  an  area  50  km  in  diameter  with  the  same 
noise  characteristics  as  the  present  30  km  diameter  array. 

Dean's  (1965)  signal  coherence  studies  suggest  that  the  signal 
coherence  at  1.0  Hz  decreases  from  0.8  to  0.65  between  10  and 
30  km,  and  is  constant  at  0. 65  between  30  and  300  km.  Thus  the 
full  N  gain  would  not  be  obtained  by  adding  these  extra 
seismometers.  A  quantitative  evaluation  of  the  actual  gain  to 
be  expected  will  be  presented  in  a  following  report  which  will 
make  use  of  equation  (2). 
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ARRAY  DESIGN  TECHNIQUES  AND  SUGGESTIONS 
FOR  FURTHER  RESEARCH 


If  the  array  elements  are  to  be  buried  200  feet,  as  at 
LASA,  it  is  important  to  gather  field  data  only  when  the  winds 
are  light,  or  to  drill  200-foot  test  holes.  Some  of  these 
holes,  of  course,  might  be  used  for  the  final  array.  A  20-minute 
noise  sample  would  be  more  than  adequate  at  any  one  time;  however, 
ideally  one  would  want  several  such  samples  spaced  throughout  the 
year.  The  distance  range  0.5  to  10  km  should  be  adequately  sampled, 
and  if  anisotropy  is  suspected  measurements  should  be  taken  at 
more  than  one  relative  azimuth. 

In  the  design  procedure,  the  first  task  is  to  generate 
figures  similar  to  Figures  3  and  5  for  any  frequency  ranges 
desired,  and  perhaps  also  for  several  very  narrow  bands  at 
particular  frequencies  of  interest.  If  the  noise  is  anisotropic 
there  will  be  different  figures  for  different  azimuths,  and 
perhaps  for  different  beam  velocities.  Once  an  appropriate  set 
of  curves  has  been  established,  the  signal-to-noise  ratio 
gain  may  be  calculated  for  any  beam  and  for  any  array  geometry. 

At  this  point,  if  the  noise  structure  is  not  simple  the  design 
procedure  becomes  more  art  than  science.  A  program  might  be 
written  to  perturb  an  initial  array  geometry  in  order  to  seek 
minima  in  the  signal-to-noise  ratio  for  a  particular  beam.  In 
another  approach,  the  designer  might  specify  a  set  of  arrays, 
evaluate  each  of  them  for  several  beams,  and  make  an  overall 
judgement  as  to  the  best  single  array. 

If  data  on  signal  correlation  is  available,  equation  (2) 
can  be  used  in  place  of  (1).  In  this  respect,  follow-on  work 
from  this  study  will  include  an  example  of  array  design  using 
(2).  We  would  also  like  to  design  an  array  for  a  site  near  the 
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ocean  where  the  noise  is  anisotropic.  Finally,  it  would  be 
worthwhile  to  gather  a  truly  representative  suite  of  noise  data, 
perhaps  from  the  old  TFO  short-period  array,  and  deduce  accurate 
correlation-distance  functions,  together  with  accurate  estimates 
of  their  variance. 
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Figure  la.  Configuration  of  the  early  Geneva-type  Observatories. 


Figure  lb.  Configuration  of  early  LASA  design. 


I  37  element  short 


Figure  2.  Correlations  from  12  km/sec  beams  as  a  function  of 
those  from  an  infinite  velocity  beam  on  common  data. 


Figure  3.  Solid  line  gives  the  correlation  as  a  function  of 
distance  at  LASA  in  the  0. 8-2.0  Hz  bandpass.  Dashed  lines 
give  correlation  at  TFO  for  a  North-South  and  East-West  beam 
in  the  0.77-1.15  Hz  bandpass. as  determined  by  Texas  Instruments 
(1965a,  b). 
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Figure  4a.  Frequency-wavenumber  plots  at  1.0  Hz  from  the  first 
75  and  the  first  150  seconds  at  LASA  subarray  D2  on  10  November 
1965. 


l 


fwj  «*0.  VK4  ' 

. . . . 


■  .tui  ,WI«|U  fwl  vault  »  litutl  14  l«l  M»l«8  •  •M||l 

•|I«|D>()  •I.Ul'iiit  I  •#••••••  *. *»••••  t.IM.M  •*•••••• 

. . . . **««<«»«»«.*f||||||||||||ia«|i||||||||ii«|||||||||||||l* 

a  i  i  i  i  I  jiimHivumaimiMaOMiiitaiiMiiiiai 

}jl  !  i  S  S  !  Xaaaaaaaa*aaaaaaaaiiMa*««MMaaaaaaMa*l 

Vu.\  till  . . . . . 

vua*\  i  i  i  i  I  v/aMaaaaaaaa«iaiaa»aaaaaaaa«waaaaaaaaaaaaa*l 

»4*utuiaiA . . . . •*—^|aa«aoiaaaiaa#a#aaaaaaaaaaa«aaaiM»iMaii«aM 

i  i  »  i  >aiaaaaiaaaiaa«aitaaaiaaaaaiaaia|MMiaaaiiaaaal 

xvaaaou  vi  iii  >#faaiaaaaaaaiiaaaaaaaiaaaaaiaiaia««M»aa»MiM«Mi 

,uti<  \  i  i  i  •  aaHaaaiaaMMia«aiaaaaiaaaiaaa«waaiaaaaaaaaaia 

,  i  i  i  _^4<«aibaaa«auaaaaa*aaaia«aaaflaaaaiiiiauaa»i#aiMaasi*ii 

. . .  i  t  ^cWv«i«aia«aaaaaaaaaaa*aaaaaaiiaaaaaaaaaaaaa«aiaaaiaaaaaaaaa 

iia*m4imi.  •  . . . 

ttiiiiiutvbiotii  *  4  8xiyyy*aaxoi*wo*«i*i*w*wi****a*i*a*aa8a8a8Ma8aaiaaaw**aaaBBBBBBBaa**8aM8aiaaBBBaa I 

jiti.i'uo.viiiit  «•  .t<i««i>liiK«iii>ii««i«i«miimi<i4«iitaaiHMa»iaaaaaa«i>i)aiiiiaiaiiaaa««iHaaMaiaiaii 

•  *  )iin«ni«i*i4iiMii«i«iti)iiit«iiiiM«iiiaaaaiiiiiaaaiiaaa«4taiiaaaaaiaa**aMaiaHaaaaaa| 

•  .  an  a*  a  *aaaw*  a  a**a*a**a  a  *****a*av  a  yaaaaaaaaaaaaaaaaavya  a  a  aiuaaaaaawHaaaaaaaaaaaaai 
v*ax*x«au<«*yy  •  •aiau«iaaaa«iaimimiai«»iMi«iiia««aaiiiaaaatMaaa*aiiiiiiiiaiaiiaaaMaiaiiiaiaaiaiai 

aia*'i«t '  )Mat«tiiiiaitMaiiaia«iiiai«iiaiMiiia«iaa«iiiaiaiaaiaaa««aaaaaiaaaaaaM*aaHaiiiiaaaiai 
»  (.MamaiiiaiaaMiimaaiaiiiaaMiiiaaiaaaiaiaiiaaaiaiiaaaaaaaiiaiaHiiaaiaiaaaaaiiiai 

*  . . . . . 

«  • a oiw*»«B**ia*ia**8 *****1 iy*B*i*a*i*i8 a* aaaaaaaa a BaBaB*eiBBaa8aBBBiB**aBBBB8B8BBiaaBi 

•  ii4  . . ••'••••iaii.i.*«i  ]*aaa«888iB*ata88 . . 

ggVj cu0kM4*wu  *  laminiuitiaoviotimtmaiMiaaiiiaiiiaaviaaaiiiaaiaaaiiiiaaaaiaiaaaaiaiiMaaaaaaaaiaaiai 
i ia>tf«uoL«7>v£><»ixui  •  yiiiat.iluitiiii«i««Mai*iMm«Mm«aaaiiaiiaiaiaaaaaaiiiaaaMaaaaaaai*iiiaaiaaaaaaiiaa« 
uoua^rooNv'uu  x  «itit«L«oi«ti<iiiiiiiiiiMi«ti4iiiii«a«iaa«aaiiiiiMaaaaai>aiaaaaiaaaaai'iiaiaaiaaaaaaaiai 
Sbuiv'ikUbiTV*  ji«ait««va<,«««i«M«M«iiii«i«M««aKiiaaiiiaaaaaaiiaaaiiiaiaaaaaaaaaaM»iMaiaaaaaiaiai 

-  ..1f|  . . itt^pnii>i^miii|«»||d««iiii«iiaaiiiii»aaaiiMaaaiaaaaaaaai)aaaaaaaaaaaaai«aaaaaaaaaaaaaai 

)0  l-1  f  i  t  I  ||  II  13  IIIB  . . . . . . 

Muoawjuuhwu  jwuu'iwwcijwiiwwwoo^AMuuMwuwwww«oowwMBVVik4j^aaaiaaaaaaaaa0aa«baaaaaaaaaaaia**iaataaaaaaaaiai 

•jbiunuubju  jw>.'i<jwutuw4uwyooo«wuuwwwMMwuuuBitwitwwwwuawva«aaaaiaaaaaaaa«aaaaaaaaaaaaaa««aaaMaaaaa«aaai 
uluil  <bijB0MUC' ;*  4M'.uo«ooMyyyywMMwyMyjwtfuwuwub0yi|aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa«iiaaBaaBaaaaa*l 

tiuu t«-  wwuhWttw  ,y))ftaDuwuMMUwuMMuuyyyyuwwuyBuy|avaaaaaaaaaoaaaa«aaaaaaaaaaaia««aaaaaaBaa:4aaai 

yhkfy'w'ibuM  jfci.onwwc'tj  jw'.wooQowuvytfawwyvyyuyMuwuwuuoyuvaaacatiaaaBsaaaaaiaaassBaBaatatfMataaaMtMai! 

iia*w*yyiiiwCbybui4 jy  ^'.«uC'iiiciw>.wooogwwuwuawwuwauewywywwwwawoiltiaaaaaaaiafaaa»))aaaaaaaaaaaaMaaaBaaaaaaa<;s»>a 
uDoivnuiiiiDii  iw.  (ti.bCjHi.w'iiifliiAa^'N^MauuHDVwHVivoiliiaiaMiaaaaiaiiiiaaiiiiaaaaaiiHaaHaaMliMiH 
*  >tfwuuouJuwywuoouaolaaaaaaaaaaaaaaaaaaaiaiaaaaaaaa«iaaaiaaaaaaaaa{ 

yhUBh><wofawgUb<.i'j‘>»i^i  I  YuuwvuDUHDnoHMliiiiaaaaiaaaaaiuaaaaiaiiiiaimiiiiiiiaiiMaal 

uaoawnbohvo  iwiB/  i  i  \owwyuwwwwoByoBaaaaaaaaciaaaa«aaaaaaiMaaaaa«BBaBaaaaaiaaaaal 


•**K 

tnr\  i 

a«aa«o>v  i 
«yaa*oy  vj 
.4110  l  \ 

i.j48s*9t**a*x*8**«***  * 
**fl**>flmy|**y  * 

».aja-‘i*i.,t.ay***.».*xy*  * 

hi«l.n'ta.aa«i>b  * 

UoStJouO ).*!«  wt  « 
. i ia-.*yot,a3'Nt4«"X"Dn  * 
yoga'^yol^otu  x 
oyyayohtihyTJ^v" 


wvoivnw<jv*u  .«>.  •*"* <C  '‘‘'  “•  iiiiiii — 

>tfuuuouJuwywuoouaolaaaaaaaaaaaaaaaaaaaiaiaaaaaaaa«iaaaiaaaaaaaaa{ 
yyu«h><wO).wgUb.i'.‘)»>^i  I  \«uuwvu«4DnoHMliiiiaaaaiaaaaai4aaaiaiiiiaimiiiiiiiaiiMaal 

uaaawnkohvo  iwub/  i  >  \owwyuwwwwoBwoB%aaaaaaacaaaaa«aaaaaaiMaaaaa«BBaBaaaaaaaaaaa{ 

Maa^«ai.vg'i^/  i  i  \ttwwuwwww«0ywB9aaaa<aaaaaacaaaaaaaaaaaaaaaa««aaaaaaaMMMal 

>.w>«X|..yhoaar.u<ibyi|)w.I>--»« . ‘-••**-”#\wvwwwvu0wwwBAaaaataaaaaaaaaiiataaaiaiaaiia«MaataMaaMaM" 

I  t  iVwwwywywywOBaaaaataaitaaaaaaaaaaaaaaaaaaaaaNaaMataMtaatal 

wwbi u..'.«u,  .u/  i  i  I  V*«y*«oo*oe tins  ataaaatataatfaiaaaaaaaaaaaMHiaaaaat  aaaaai  i 

yuyit'i-f.wcMj  J  i  i  i  V-o-.uyyyaaVMiMaMaMainaamaMMaMxaaaaaaMaMiajj 

.uon.-'.i.o'i  i  i  i  i  V^o^taiaaaiaiiaiaaiamaaaaiaaaMaiiaaaaiMiij/^ i 

(.Dun.1  .'diwi.J  i  >  i  VvHxHHwaaviiaaaiaiijaaaaiiiaiiaaiaBaaaiiaiaaeMiK  I 

. * . ••••-•\w«Oyy9tO*l0a000l00000lw00000000B000B)**M0»*<»~---—* 

xwuiu  i  i/T\  i  Vw0wwU*e4aaaaaaaagaaaa«aaaaaaaaaaaaa«*iK  i  l 

yuaiy  i  /xxxk  i  VH9wwvaay|aaaaaaaaaaaaaaaaaaaiaia9aaa««r  i  l 

uaH'.Mi.guJ  i  i  V^wwaoyliaaaaaaaataatyaaaaaaaaaaaaaavK  I  l 

gyaayM.).W  'u  1  /aaxaai  I  Yoo«oavy#XiMMMMM**MI  •MIMIIGI*- VlVg  I 

.biai.oi.'ii.i.o-i.  i  /ataaJ  i  VjvwaaoanaaaaMaaaBaawataaaataaaaa**  a*a#\  I 

,  .lixl  ,u»  ,4- •  ••YwuayoaoltBa  a  aaaaaaaa  aaaaaaaa  aaaaaa^aa  a  aal» 

uuaiiur.u.uaJ  i  lx  aaagxV  i  V‘'aouB»*Vaa,***'**h,'**'*88  a  aaan  **a  j  aa  aaK  l 

‘uowyri-J  i  jaxaax«al  i  Voo0caooi|aaaaaaaavuaaaaaaaaaaaar««aaaaaaai\  l 

*viiyryyywo<n2  i  fiaaaatJ  i  i>wouwaaaol|a  i  a  aa  aa  •••  a  a  aa  *v8  a  a  a  a  a  ^  «ai  la  a  aaaa\  I 

•wifjci.to.uQ.J  i  Caaiaxaxai  i  i  V«a4to»il|aa8aiai»iaaaaaii»aM««)aaaaaaaaA  l 

ywaaBQyobwo'gJ  I  |a*aaxx«a*l  i  i  VtoaoooooMaaaaaawaaaaaaaa’aaaa'aBaaaBBtaaaA  I 


| V  wvvvvvvwOi 
I  oyuwyuwaowOi 
I  \vOu«UyWU' 


“•IS.WSW*-". ••illicit  ■■  I  i.ni.lj'  fulfill  t.llllll  a. .  i. 


t,a>|  •MtuatwnuOxxX"«v . . . . . . . . . 

.HBiciiMtxiii,  «  .ana**  *uaao*ia*********ii***a*fcaa**ia*aaa*aia*aaa*a**aaaaaaa**aaaa**aaaaaiaa#iaaaal 

«iaa*aaflL*an*y  *  .i**y*..yy0">>*M**i*i***aa*>'**a*iii**i8*.iiiMia*iaaaa*iaanaaiaaaa8a"*aa8aa88aaa*a*a£ 

g*aabaaa*bnr««  »  »ax«w* . wu a*x*aa*«a wwv*a *a**«*«aay v«**oia aa aaaaiataaawaaBaBaia y *8888*188 aaaaaaaBtaaat 
uigi*afliu*a»*L  "  kaiijxg*oi«i*ti**a*i***aa*).y*aiiii**ia*aaaaaaaaaaaia*iaaaaaaaiaaaaa**aaa*aaaaaaaaa*i 
•  •«t*M(Mi4i  *  <aaaa*i)*o8M*«a*«a«a««aaa***««aa*a«aaa*aaaai«aaaaaa0aa8aaai8aaaaaaaa«BiaaaraaaaaaM*i 
i.ni*4.*«a*ooi.«ao"i  •  .axigxgwoMi**a********ia**.***«iii*iaa*aaaaaaaaaaaaaaiaaa*aaaaaaaaa*«aaaaaaaaaaaaaa» 

«**aaeuav*a"*u  *  . . «•« . aaa  jiiMiii*iii*i*ni*iiMii*i*ii*iiaii*ii*i**aaaiaaaiaia*a0l 

.uaa*flxawMan«b  *  .iBai*niini»wi**i'-a***ia**i*i*Mi**ii*aaaaaiai*aiiai*aiaaaaiaaaaaa*«aaaaaaaaaaaaaai 

.btiaoav*ax««  •  . ■*■■*.* . aiaata*aaaiaaaaaaaaai*aaaaaaaaaaaiaai 

.yi*yni*L*a**y  *  *aaaa*maaa**a**a*a**aaa*****Maa*aaaaaaaana»ffffl>t»»a4Aaaaaaaaaaa>ataaaaaaaaaaai 

w«vakoaiu**xvi  x  . . . . . 

. . * . * . . . . 

a*aaaaaa**a*«a  x  cax*a***aaaa*a;;*a'i*a**88a8>**M8|»mM§MHiMitHfWti*»yM»jW»|jMaaMMMaa| 


*aaiaa«ai>«M*M'i>  aaaaaaaaaaaaaaraaaaaaaaaaiM) 
aaaiaaaa**aa  >  a**. aaaaaa  aaaaaaaa  4aaaaaaaM«i4B| 


oaaawoaaoaaaaaaaaai 


. -’iSSSSiSSilSgiSiS 


iaaaaaaa**aii>ac 


oaaaaawaaowayM 

oaaaaawuaiuauoj 


. ..«KS?« 


aaaaaaaaaaaaf 
«•**!** aaaaa 
HAaaaaaaaaai 


>ii)'i'iii""f 
^lllUIIIIIIIIMll 
niMIIIIlM  llllllj 

SjlllHHIlUlliy 


••• . 


•a.4ia-*9*waiaaaai«ai*ax«u< 


**aaaaaa**ax«ui  ►♦.•■.aaa*** 
miio*amo»i.,y||**»,‘»J1«8*3! 
'•.jti*ua«*aiaaiay*af*i 

U*aaaaaa»*ax*fcf’-^a*B*«4<ioa/ 
k*8B8Baat.*B***ir**atB*~  -*«ar 

»iMiiin*ioi)f,i*H|aa».*y 

yaaaaaia**a"*lo^-*‘**»*  / 
naiaaiani"}*"^**'*/ 

•  *  a  t  a  a  *  a  *  y  a  »  ayyi 

*  *  a  a  m  *  *  *  *  a  *#>«•»»** 

•i.a  j«f*t»i-oxyayoy*a»<-‘*xyy<BBap-*— «* 


I  l 

I  i 

l 
I 


. . . . . . a. . . 


aiHiiHatHaajm«i«aaiaaaaaaaaaaai 

aaaaaaaaaaMOaaaa»»aaaaaaaaaaaaaa* 

aaaaaa«ay«aaaaaaaa»aaaaaaaaaaaaaai 

aaaaaBaa/aaaaaaaaaaiaaaaaaaaaaaaaai 

aaaaa»«4aaaaaaaaa»*aaaaaaaaaaaaaai 

iaa««a»tauaaaaaaaaa*aaaaaaaaaaaaaai 

aaaa*«aaAaaaaaaaa**aaaaaaaaaacaaai 

aaoawaaaBa||aaaaaai*aaaaaaaaaaaaaai 
aaaaaaaaaaafaaaaaexxaaaaaaaaaaaaaai 
o  a«  a  uaaao  a  a  at aa a  a  a  a « a  a a  a  a  a  a  a  a  a  a  a  a  a  i 
aoaoWaaaoaaaiaaaaa»*aaaaaaaaaaaaaai 
aoauwoaaa#aaoiaaaa**aaaaaaaaaaaaaai 


Figure  4b,  Frequency-wavenumber  plots  at  1.0  Hz  from  the  first 
75  and  the  first  150  seconds  at  LASA  subarray  E4  on  10  November 
1965. 
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Figure  6.  Noise  reduction  in  dB  as  a  function  of  number  of 
instruments  in  a  LASA  subarray.  The  theoretical  curves  are 
derived  from  equation  (1)  and  from  Figures  3  and  5.  The 
other  curves  are  experimentally  determined  by  other  authors. 
The  minimum  spacing  oi  each  partial  array  is  also  plotted. 


Figure  7.  Predicted  noise  reduction  for  filled  hexagonal  arrays 
as  a  function  of  maximum  array  diameter  for  two  bandpasses. 


